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HIGHLIGHTS 


►  The  tetrapod-like  ZnO  nanopowder 
provides  fast  electron  transport  in 
ZnO  and  efficient  ionic  diffusion 
pathway  in  the  photoanode  pore. 

►  The  recombination  rate  of  T-ZnO- 
based  DSC  is  lower  than  that  of  C- 
ZnO  one. 

►  The  ion  diffusion  ability  in  tetrapod- 
like  ZnO  is  about  two  times 
improvement,  which  enables  the 
regeneration  ability  of  dye  molec¬ 
ular  by  redox  couples. 
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Dye-sensitized  solar  cells  (DSCs)  are  a  promising  PV  device  to  solve  global  energy-related  problems 
because  it  is  clean,  inexhaustible  and  readily  available.  In  order  to  improve  the  stability  and  reliability  of 
the  DSCs,  ionic  liquid  (IL)  electrolyte  is  a  good  choice  for  replacement  of  volatile  solvent  electrolyte 
systems  (e.g.  acetonitrile).  However,  the  high  viscosity  of  ionic  liquids  leads  to  mass-transport  limitations 
on  the  photocurrents  in  the  DSCs.  In  this  report,  a  new  porous  photoanode  made  by  tetrapod-like  ZnO  (T- 
ZnO)  nanopowders  provides  not  only  a  fast  electron  transport  path  in  ZnO  but  also  an  efficient  ionic 
diffusion  pathway  in  the  photoanode  pore,  comparing  to  the  spherical  commercial  ZnO  (C-ZnO)  nano¬ 
powders.  In  addition,  the  ionic  diffusion  dynamics  of  T-ZnO  and  C-ZnO  devices  are  characterized  by 
electrochemical  impedance  analysis  (EIS),  photocurrent  transient  dynamics.  We  observed  the  presence  of 
a  tetrapod-like  framework,  which  allowed  the  photoanode  to  provide  a  more  efficient  ionic  diffusion 
pathway  than  conventional  one  made  of  commercial  spherical  nanopowders  provided. 
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1.  Introduction 

The  past  decade  has  seen  much  research  into  dye-sensitized 
solar  cells  (DSCs)  and  more  than  a  thousand  journal  articles 
describe  this  vibrant  area  of  research.  DSCs  have  low  angle 
dependency  on  incident  light  and  operate  at  high  efficiency.  These 
devices  have  low  manufacturing  costs  and  are  considered  envi¬ 
ronmentally  friendly  [1-3].  A  DSC  is  fabricated  from  several 
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components:  a  counter  electrode,  electrolyte,  and  a  nonporous 
photoanode  with  anchoring  a  dye  absorber  that  harvest  the 
sunlight  and  inject  the  excited  electron  into  the  photoanode.  The 
redox-active  species,  commonly  I^/r  redox  couples,  in  the  elec¬ 
trolytes  regenerate  the  excited  dye  on  the  photoanode  in  order  to 
re-absorb  photon  and  exchange  current  density  corresponding  to 
the  electrocatalytic  activity  at  the  counter  electrode.  Therefore,  the 
efficient  redox  ionic  diffusion  is  a  prerequisite  for  an  efficient  DSC 
due  to  fast  light  re-absorption  by  dye  regeneration. 

C.G.  Wu,  and  M.  Gratzel  et  al.  [4]  reported  the  ruthenium- 
sensitized  solar  cell  devices  had  achieved  better  than  11.5%  power 
conversion  efficiency  using  a  Ti02  porous  film.  The  volatile  solvent 
electrolytes  used  in  the  high  performance  DSCs  have  good  ionic 
diffusion  ability  and  low  boiling  point  that  reduce  the  stability  of 
the  device.  In  order  to  solve  this  important  issue  in  view  of  the 
practical  application,  nonvolatile  viscous  ionic  liquid  electrolytes, 
quasi-solid  state  electrolytes,  and  solid  state  electrolytes  have  been 
introduced  to  replace  for  the  volatile  solvent  electrolytes.  However, 
the  ionic  diffusion  of  these  viscous  electrolytes  in  the  nano¬ 
crystalline  network  structure  limits  the  device  performance.  In 
order  to  improve  the  ionic  diffusion  ability  for  the  viscous  or  quasi¬ 
solid-state  electrolytes,  additives  are  used  in  the  electrolyte,  such  as 
nanosilicate  platelets  [5]  or  Si02  nanoparticles  [6].  Moreover,  D.  Zhu 
et  al.  successfully  demonstrated  an  electrohydrodynamic  (EHD) 
technique  to  prepare  Ti02  photoanodes  with  hierarchical  branched 
inner  channels,  and  efficiently  improved  the  transport  properties  of 
redox-active  species  in  viscous  electrolytes  [7]. 

In  order  to  fabricate  photoanode  with  hierarchical  structure, 
ZnO  is  an  excellent  candidate.  ZnO  has  similar  band  gap  and 
conduction  band  energy  level  to  TiC^  but  offers  good  electron 
mobility.  ZnO  has  been  widely  fabricated  into  OD  and  ID  nano¬ 
structures,  including  pop-corn  style  DSCs  [8,9],  nanowires  (NWs) 
[10],  branched  NWs  [11],  and  tetrapod  particles  [12-14]  for  DSCs 
application. 

In  this  work,  we  report  the  use  of  tetrapod-like  ZnO  (T-ZnO) 
nanopowder  to  form  a  porous  framework  for  efficient  electron 
transport  in  the  photoanode,  and  to  provide  improved  ionic  diffu¬ 
sion  electrolyte  within  the  photoanode  pore,  comparing  to  the 
spherical  commercial  ZnO  (C-ZnO)  nanopowder.  We  also  analyzed 
and  discussed  these  performances,  referring  to  various  experi¬ 
mental  measurements,  including  incident  monochromatic  photon 
to  current  conversion  efficiency  (IPCE),  photocurrent  transient 
dynamics,  and  electrochemical  impedance  spectroscopy  (EIS). 

2.  Experimental 

2.1.  Preparation  of  tetrapod-like  ZnO  nanoparticles 

A  novel  70  kW  DC  plasma  reactor  was  used  to  synthesize  T-ZnO 
nanoparticles  (NPs)  under  atmospheric  pressure.  We  used 
commercially  obtained  zinc  powder  (Alfa  Aesar)  with  an  average 
particle  size  of  10  pm,  and  with  less  than  50  ppm  of  Cr,  Fe,  and  Pb 
impurity.  The  zinc  powders  underwent  vaporization,  oxidation,  and 
quenching  in  the  plasma  flame.  The  plasma-forming  gas  was  50%  Ar 
and  50%  N2,  the  carrier  gas  was  N2,  and  the  quenching  gas  was  an 
Air  and  N2  mix.  The  reactor  synthesis  rate  for  T-ZnO  NPs  was  in 
excess  of  1  kg  h-1.  The  detailed  synthetic  procedure  was  reported 
previously  in  references  [15,16]. 

2.2.  Device  fabrication 

The  T-ZnO  NPs  were  mixed  with  ethyl  cellulose  (EC),  and 
anhydrous  terpineol  (Fluka)  for  screen-printing  the  ZnO  paste  [17]. 
We  used  ZnO  nanoparticle  (C-ZnO)  (Seedchem,  Australia)  with 
a  specific  surface  area  of  18.03  m2  g-1,  following  the  same 


procedure  as  for  the  T-ZnO  paste,  to  provide  a  comparison  with  T- 
ZnO.  The  two  different  ZnO  pastes  were  screen-printed  to  0.28  cm2 
photoanode  electrodes  on  fluorine-doped  tin  oxide  glass  (FTO, 
Nippon  Sheet  Glass,  7  Q  square-1, 2.2  mm  thick)  without  a  blocking 
layer,  and  then  heated  under  an  air  flow  at  400  °C  for  60  min.  After 
cooling  to  room  temperature,  the  ZnO  photoanode  electrodes  were 
immersed  in  a  D149  organic  sensitizer  solution  (0.5  mM)  [18] 
(Mitsubishi  Paper  Mills  Limited),  and  1  mM  chenodeoxycholic 
acid  (CDCA,  Sigma-Aldrich),  in  an  acetonitrile/tert-butyl  alcohol 
mixture  (v/v  =  1/1)  at  65  °C  for  30  min,  and  the  photoanode 
electrode  then  rinsed  with  acetonitrile  (AN).  The  cell  was  covered 
with  platinized  FTO  glass  incorporating  a  drilled  hole,  to  form  the 
counter  electrode  and  complete  the  sandwich  configuration.  The 
cell  interior  was  separated  by  a  30  pm  thick  Surlyn  polymer  spacer 
(Surlyn,  Dupont),  and  filled  with  electrolyte  via  the  hole  in  the 
counter  electrode.  The  acetonitrile-based  (AN-based)  electrolyte 
was  composed  of  l,2-dimethyl-3-propylimidazolium  iodide  (PMII) 
(0.6  M),  tert- butylpyridine  (TBP,  Sigma-Aldrich)  (0.5  M)  in  aceto¬ 
nitrile  (AN)  and  I2  (0.05  M).  The  IL-based  electrolyte  comprised  I2 
(0.2  M),  and  TBP  (0.5  M)  in  a  PMII/l-Octy-3-methylimidazolium 
hexafluorophosphate  (CgMImPFg)  mixture  (v/v  =  35/65).  Finally, 
drill  holes  were  sealed  using  Surlyn  hot-melt  polymer  and  cover 
glasses. 

2.3.  Characterization 

DSC  illumination  for  photovoltaic  measurements  employed 
a  100  mW  cm-2  white  light  source  (Yamashita  Denso,  YSS-100A), 
and  the  light  source  power  output  was  calibrated  using  a  refer¬ 
ence  Si  photodiode  (BS-520,  Bunko  Keiki).  The  simulated  light 
spectrum  was  consistent  with  class  A  JISC-8912.  The  DSC  photo¬ 
voltaic  characteristics  were  obtained  by  applying  an  external 
potential  bias  to  the  cell,  and  measuring  the  generated  photocur¬ 
rent  using  an  electrochemical  analyzer  (Autolab,  PGSTAT30).  The 
AN-based  and  IL-based  DSC  scan  rates  were  50  mV  s-1  and 
5  mV  s-1,  respectively.  For  electrochemical  impedance  spectros¬ 
copy  (EIS)  measurement,  an  AM  1.5G  white  light  source  was  used 
and  illuminated  on  the  surface  of  the  solar  cell.  The  applied  bias 
was  set  for  open-circuit  voltage,  with  AC  amplitude  of  10  mV,  and 
a  scanned  frequency  range  of  1  mHz-1  MHz.  To  measure  the  ionic 
diffusion  resistance  in  ZnO  films,  the  C-ZnO  and  T-ZnO  films  were 
tested  in  the  AN  solution,  which  containing  5  mM  Lil  and  0.5  mM  I2, 
by  applying  voltage  of  -0.5  V  (vs.  Ag/Ag+)  in  a  typically  electro¬ 
chemical  three-electrode  system  (ZnO  film,  Pt  plate  and  Ag/Ag+  as 
working  electrode,  counter  electrode  and  reference  electrode, 
respectively).  Photocurrent  action  spectra  for  the  incident  mono¬ 
chromatic  photon  to  current  conversion  efficiency  (IPCE)  were 
taken  with  an  IPCE  measurement  system  (C-995,  PV-measurement 
Inc.).  The  morphologies  and  dimensions  of  ZnO  films  were  char¬ 
acterized  using  a  JEOL-6500  field  emission  scanning  electron 
microscope  (FE-SEM)  operating  at  10  keV.  The  surface  area  was 
determined  by  the  Micrometries  ASAP  (Accelerated  Surface  Area 
and  Porosimetry)  System  2010. 

3.  Results  and  discussion 

3.1.  Morphology  of  ZnO  photoanode  and  photovoltaic  performance 

Photoanode  morphology  plays  an  important  role  in  dye- 
sensitized  solar  cells,  especially  for  high  viscosity  or  quasi-solid 
state  electrolyte.  The  electrolyte  fills  the  pore  of  photoanode 
determines  diffusion  rates  of  the  J3//-  redox  couple.  Fig.  1(a)  and  (b) 
shows  cross-sectional  FE-SEM  images  of  C-ZnO  and  T-ZnO  films  on 
FTO  glass,  and  Fig.  1(c)  and  (d)  are  the  zoom-in  images.  Each  of  the 
26  pm  thick  photoanodes  exhibit  highly  porous  nanostructures,  the 
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Fig.  1.  The  side  view  of  SEM  images  of  (a)  C-ZnO  and  (b)  T-ZnO  electrode,  and  (c)  and  (d)  are  the  zoom-in  image,  respectively. 


C-ZnO  and  T-ZnO  film  surface  areas  are  approximately  18.03  m2  g-1 
and  15.72  m2  g  \  respectively.  The  porous  network  provided  by  the 
T-ZnO  film  provides  both  an  efficient  photoanode  electron  diffusion 
path  [13,14],  and  larger  pore  size  than  the  C-ZnO  nanopowder  film, 
due  to  the  tetrapod-like  morphology.  As  showed  in  Table  1,  the 
amount  of  dye  adsorbed  are  3.93  x  1CT8  and  3.82  x  1CT8  mol  cm-2 
for  C-ZnO  and  T-ZnO  electrode,  respectively.  With  AN-based  elec¬ 
trolyte,  the  values  of  Jsc  are  10.95  and  11.60  mA  cm-2,  and  values  of 
Voc  are  0.615  and  0.630  V  for  that  with  C-ZnO  and  T-ZnO  electrode, 
respectively.  It  is  due  to  T-ZnO  electrode  has  lower  electron  trans¬ 
port  resistance  and  higher  electron  lifetime.  However,  in  IL-based 
DSC,  the  values  of  Jsc  are  3.75  and  5.00  mA  cm-2  for  that  with  C- 
ZnO  and  T-ZnO  electrode,  due  to  the  ion-transport  resistance. 

For  comparison,  the  T-ZnO  photoanode  thicknesses  were  varied 
from  6  to  26  pm.  Fig.  2  shows  photovoltaic  characteristics  under 
one  sun  illumination,  for  AN-based  and  IL-based  electrolytes. 
Fig.  2(a)  provides  the  open-circuit  voltage  (Vqc)  results  for  DSCs 


Table  1 

The  photovoltaic  performance  and  properties  of  AN-based  DSC  with  C-ZnO  and  T- 
ZnO  electrodes,  respectively,  under  100  mW  cm-2  (AM  1.5). 


Electrode 

Amount  of  dye 
adsorption  (mol  cm-2) 

Jsc 

(mA  crrr2) 

> 

u 

£ 

FF 

Eff.  (%) 

Te  (ms)a 

C-ZnO 

3.93  x  10"8 

10.95 

0.615 

0.62 

4.14 

21.5 

T-ZnO 

3.82  x  10"8 

11.60 

0.630 

0.64 

4.68 

23.2 

a  re:  electron  lifetime,  calculated  from  EIS  fitting  data. 


using  each  electrolyte  and  the  Voc  decreases  linearly  with  the 
increase  of  ZnO  film  thickness  for  both  electrolytes.  Inhomoge¬ 
neous  light  intensity  in  the  porous  ZnO  films  contributes  to  a  pho¬ 
toanode  inhomogeneous  quasi-Fermi  level.  We  attributed 
a  200  mV  V0c  reduction,  in  IL-based  DSCs,  relative  to  the  AN-based 
DSCs  with  the  same  thickness  in  ZnO  film,  as  due  to  the  higher  I2 
concentration  in  IL-based  DSCs.  This  effect  is  explained  by  charge 
recombination  between  the  photoanode  and  ij/r  couples  in  the 
electrolyte  as  given  by  the  following  equation  [19]: 


7<r 

In 

finj 

_ncb^et  ^3  j  _ 

e 

where  k  is  the  Boltzmann  constant,  T  is  the  absolute  temperature,  e 
is  the  electronic  elementary  charge,  /jnj  is  the  sensitized  dye  charge 
flux,  nCb  is  the  electron  concentration  within  ZnO,  ket  is  the  reaction 
rate  constant  for  the  dark  current  from  ZnO  to  tri-iodide  ion  in  the 
electrolyte,  and  [I3]  is  the  tri-iodide  ion  concentration  in  the  elec¬ 
trolyte.  Fig.  2(b)  shows  the  variation  in  short-circuit  photocurrent 
(Jsc)  with  film  thickness.  Jsc  for  AN-based  DSCs  increases  continu¬ 
ously  with  film  thickness,  reaching  a  maximum  value  of 
11.4  mA  cm-2  at  a  thickness  of  26  pm.  By  contrast,  Jsc  values  of  IL- 
based  DSC  plateau  close  to  5  mA  cm-2  in  devices  with  around 
18  pm  thickness.  The  FF  remains  constant  for  the  AN-based  DSCs, 
while  the  IL-based  DSCs  exhibit  a  prominent  decline  in  FF  with 
increasing  film  thickness.  These  different  Jsc  and  FF  behaviors  result 
from  higher  viscosity  of  ionic  liquid,  which  limit  mass-transport  of 
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Fig.  2.  Dependences  of  cell  performances  on  film  thickness,  including  (a)  open-circuit  voltage  (V0c).  (b)  short-circuit  photocurrent  density  C/sc),  (c)  filling  factor  ( FF ),  and  (d)  solar 
conversion  efficiency.  All  data  are  obtained  under  one  sun  irradiation.  The  open-circle  and  open-square  symbols  correspond  to  DSCs  with  AN-based  and  IL-based  electrolytes, 
respectively.  The  lines  are  plotted  to  guide  the  eyes,  and  the  error  bars  from  the  data  of  the  two  devices  are  shown. 


I3 1 r  couples  in  the  electrolyte,  and  increase  ions  diffusion  resis¬ 
tance.  The  maximal  conversion  efficiencies  obtained  for  both  AN 
and  IL-based  DSCs,  as  calculated  by  the  relation  77  =ysc  x  Voc  x  FFat 
one  sun  irradiation,  are  4.73%  for  26  pm  thick  T-ZnO  electrode,  and 
1.39%  for  12  pm  thick  electrode,  respectively.  Therefore,  for  IL-based 
DSCs,  the  thickness  of  photoanode  is  not  a  major  factor  for  device 
optimization  as  competing  with  ionic  liquid  characteristics  or  the 
morphology  of  photoanode. 

Fig.  3(a)  shows  J—V  curves  of  DSC  devices  fabricated  using  the  T- 
ZnO  photoanode  and  the  one  made  of  spherical  C-ZnO  NPs, 
respectively.  The  photovoltaic  parameters  of  AN-based  DSCs  with 
26  pm  T-ZnO  photoanode  are  Voc  =  0.622  V,  Js c  =  11.55  mA  cm-2, 
FF  =  0.67  and  7]  =  4.81%.  IL-based  DSCs  however  produce  lower 
performances,  in  which  the  photovoltaic  parameters  of  26  pm  T- 
ZnO-based  DSCs  are  Voc  =  0.448  VJSC  =  5.37  mA  cm"2,  FF  =  0.48, 
and  ri  =  1.15%.  Those  of  26  pm  C-ZnO-based  DSCs  are  V0c  =  0.444  V, 
Jsc  =  3.95  mA  cnrT2,  FF  =  0.49,  and  7]  =  0.87%.  A  high  photocurrent 
of  11.55  mA  cm-2  is  achieved  with  high  absorption  coefficient  of 
D149  in  AN-based  electrolyte  system,  while  a  half-less  photocur¬ 
rent  was  obtained  in  IL-based  system.  The  viscosity  limits  the  ionic 
transport  in  the  IL-based  electrolyte,  which  in  turn  limits  the 
photocurrent.  Once  T-ZnO  photoanode  is  employed,  the  IL-based 
DSC  produces  photocurrent  with  ca.  1.3  times  larger  than  that  for 
a  C-ZnO  photoanode,  owing  to  the  larger  pore  size  in  the  tetrapod 
framework,  which  provides  an  efficient  ionic  diffusion  pathway  and 
thus  improves  the  ionic-transport  capacity.  We  used  IPCE  spec¬ 
troscopy  to  determine  the  photon  to  photocurrent  conversion 
efficiency  for  incident  wavelength-dependent  photon.  The  IPCE 
spectra  in  Fig.  3(b)  shows  that  T-ZnO  DSCs  containing  AN-based 
electrolyte  produce  high  IPCE  values;  peak  values  occur  at  about 
550  nm  and  390  nm  that  attributes  the  absorption  of  D149  dye  and 
ZnO,  respectively.  Although  D149  exhibits  a  strong  green  light 
extinction  coefficient  (68,700  mol-1  cm-1  at  526  nm),  the  IPCE 
spectrum  for  T-ZnO  DSCs  containing  IL-based  electrolyte  shows 


Photon  Energy  (eV) 

4.5  4  3.5  3  2.5  2 


Fig.  3.  Cell  performances  of  AN-based  (square  symbol)  and  IL-based  (triangle  symbol) 
DSCs,  based  on  26  pm-thick  ZnO  photoanodes  constructed  from  commercial  ZnO  (solid 
symbol,  C-ZnO),  and  tetrapod-like  ZnO  (open  symbol,  T-ZnO)  nanopowders,  (a)  The 
J-V  curve  for  these  DSC  devices  (100  mW  cm-2,  AM  1.5G),  and  (b)  the  IPCE  spectra  for 
these  DSC  devices. 
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a  plateau  between  500  nm  and  600  nm  at  about  30%  of  the 
expected  D149  absorption.  Since  worse  ionic  diffusion  in  viscous 
ionic  liquid  electrolyte  slows  the  regeneration  rate  of  dye  molecule. 
Furthermore,  difference  across  the  entire  range  of  the  IPCE  spec¬ 
trum  is  also  observed.  There  is  almost  4-fold  intensity  difference  in 
IPCE  band  from  400  nm  to  450  nm  between  the  two  electrolyte 
devices,  due  to  greater  light  absorption  in  the  IL-based  device  from 
the  higher  iodine  concentration  [20].  The  observed  Jsc  value  is  in 
agreement  with  the  value  obtained  by  integration  of  the  IPCE 
spectrum  under  one  sun  (AM  1.5G).  As  a  result,  IPCE  illustrates  the 
difference  contributions  in  Jsc  for  DSCs  between  AN-based  and  IL- 
based  electrolytes. 

3.2.  Ionic  electrolyte  dynamics  in  ZnO  DSCs 

In  order  to  understand  the  ionic-transport  mechanism,  we 
carried  out  time-response  photocurrent  transients  measurements. 
Fig.  4(a)  shows  a  plot  of  the  time-response  short-circuit  photo¬ 
current  for  12  pm  thick  tetrapod-ZnO-based  DSCs  containing  IL- 
based  electrolyte,  and  fitted  with  an  on-off  irradiation  shutter. 
Measurements  are  taken  at  various  sunlight  intensities.  When 
commencing  to  open  the  shutter,  a  higher  photocurrent  is  obtained 
because  of  a  high  l~  ion  concentration.  Subsequently,  the 
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Fig.  4.  (a)  Photocurrent  dynamics  obtained  with  the  IL-based  DSC  device  for  12  jam- 
thick  tetrapod-like  ZnO  (T-ZnO)  photoanode.  Inset  numbers  represent  the  illumination 
power,  (b)  Ratio  of  final  to  initial  photocurrent  value  as  a  function  of  light  intensity  for 
different  photoanodes.  The  open  and  solid  symbol  represent  the  photoanodes  using 
tetrapod-like  ZnO  (T-ZnO)  and  commercial  ZnO  (C-ZnO)  nanopowders,  respectively. 


concentration  of  I~  surrounding  dye  molecules  diminishes  due  to 
slow  mass  transfer  of  the  /3/r  couples,  hence  the  photocurrent 
decreases  continuously  over  a  few  seconds.  Finally,  the  photocur¬ 
rent  reaches  steady,  depending  on  the  ionic  diffusion  ability  of  the 
ionic  liquid  electrolyte.  As  light  intensity  is  reduced,  the  decreased 
variation  in  photocurrents  also  reduces  due  to  less  l~  ions  are 
required  to  regenerate  excited  dye  molecules.  Even  in  the  viscous 
ionic  liquid  electrolyte  with  hindered  ionic  diffusion,  the  diffusion 
of  /3/r  ions  to  and  from  the  counter  electrode  provides  sufficient 
redox  agents  that  regenerate  the  excited  dye  molecules.  Fig.  4(b) 
shows  the  ratio  of  the  final  and  initial  photocurrents  as  functions  of 
film  thickness,  and  light  intensity.  For  IL-based  DSCs  with  a  T-ZnO 
photoanode,  the  reduction  ratio  of  the  photocurrent  increases  with 
film  thickness  and  light  intensity.  Thicker  photoanode  is  able  to 
provide  longer  effective  ionic-transport  pathways,  so  the  role  of 
ionic  diffusion  is  more  important.  Moreover,  a  comparison  of  DSCs 
using  26  pm  thick  T-ZnO  and  C-ZnO  photoanodes  shows  that  effi¬ 
cient  ion-transport  pathways  within  T-ZnO  self-assembled  photo¬ 
anode  do  improve  ionic  diffusion  leading  to  larger  short-circuit 
photocurrent  (Fig.  3(a)). 

3.3.  Electrochemical  impedance  spectroscopy  analysis 

Electrochemical  impedance  spectroscopy  (EIS)  is  powerful  in 
determining  interfacial  characteristics  of  each  component  in  DSC 
device,  and  here  we  focus  on  photoanode  and  electrolyte.  Fig.  5(a) 
shows  an  equivalent  electric  circuit  model  [14,21],  in  which  ifyv  is 
the  electron  transport  resistance  inside  the  ZnO  photoanode.  R&  is 
the  charge  transfer  resistance  related  to  recombination  of  electrons. 
/?fz  is  the  resistance  at  the  FTO/ZnO  interface,  and  /?fto  is  the 
resistance  at  the  FTO/electrolyte  interface.  Rpt  is  the  resistance  at 
the  Pt  surface,  and  Rs  represents  the  transport  resistance  of  FTO  and 
external  circuits.  C[L  is  the  chemical  capacitance  of  the  ZnO  elec¬ 
trode;  Cfz,  Cpro*  and  Cpt  represent  the  constant  phase  element 
(equivalent  electrical  circuit  component  modeling  the  behavior  of 
a  double  layer,  an  imperfect  capacitor)  for  each  corresponding 
component.  ZN  symbolizes  the  Warburg  diffusion  impedance, 
described  by  the  following  equation  [22], 

where  Rp>  is  the  dc  resistance  of  impedance  for  tri-iodide  diffusion, 
Wsc  =  D  x  d-2,  where  d  is  the  Nernst  diffusion  layer  thickness,  and 
D  is  the  diffusion  coefficient  for  I3  ion.  Fig.  5(b)  shows  the  Nyquist 
plots  of  the  IL-based  DSC  devices  with  C-ZnO  and  T-ZnO  photo¬ 
anodes,  respectively,  under  one  sun  irradiation  (AM  1.5G).  The  inset 
table  shows  the  corresponding  fitting  EIS  parameters.  The  Rp,  values 
of  C-ZnO-  and  T-ZnO-based  devices  are  47.6  and  39.4  Q,  respec¬ 
tively.  This  suggests  that  for  T-ZnO  device,  the  redox  carrier  diffu¬ 
sion  is  more  efficient  than  that  for  C-ZnO  one.  The  effective  rate 
constant  for  recombination  (keff)  characterizes  the  recombination 
rate  of  electrons  in  the  photoanode  and  I3  ions  in  the  electrolyte,  i.e. 
the  so-called  back-recombination  rate.  It  is  clear  that  the  recom¬ 
bination  rate  of  T-ZnO  device  is  lower  than  that  of  the  C-ZnO  one. 
On  the  other  hand,  the  recombination  resistance  ( R\< )  of  T-ZnO 
device  is  larger  with  respect  to  the  C-ZnO  one.  It  is  convinced  that 
the  efficient  ionic  diffusion  of  T-ZnO  device  causes  lower  I3 
concentration  around  the  dye  molecular  related  to  the  C-ZnO  one. 
Furthermore,  the  electron  diffusion  resistance  in  the  photoanode 
(Kw)  of  T-ZnO  device  is  smaller  than  that  of  the  C-ZnO  one,  due  to 
good  electron  transport  ability  of  ZnO  tetrapod  network.  Conse¬ 
quently,  the  better  effective  electron  diffusion  coefficient  in  T-ZnO 
device  gives  higher  photovoltaic  performances,  which  is  consis¬ 
tence  to  Fig.  3(a). 
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Fig.  5.  Electrical  characteristics  of  the  IL-based  D149-sensitized  solar  cells,  (a)  The  equivalent  circuit  model  used  to  analyze  experimental  data,  (b)  Nyquist  plots  for  DSCs  employing 
26  pm  commercial  ZnO  (C-ZnO)  and  tetrapod-like  ZnO  (T-ZnO)  photoanode.  The  inset  table  shows  the  corresponding  fitting  parameters. 


We  further  investigate  the  ionic  diffusion  behavior  within  the  C- 
ZnO  and  T-ZnO  films  by  EIS  characterization  as  shown  in  Fig.  6(a). 
The  high  frequency  range  could  be  assigned  to  the  charge  transfer 
reaction,  and  the  response  in  the  low  frequency  range  addresses 
the  ionic  diffusion  in  ZnO  film.  Thus,  the  diffusion  coefficients  of  I3 
ion  (Dj- )  within  the  two  ZnO  films  are  obtained  by  fitting  the  data  at 
the  low  frequency  rage,  i.e.  Warburg  region,  with  the  following 
equation  [23]: 

r2t2 

‘3  2/\2„4F4(T2C2 

J3 

where  A  is  area  of  the  electrode,  Q-  is  bulk  concentration  of  I3  ion 
and  cr  is  the  Warburg  factor  that  is  related  to  Zre: 


Zre  =  Ks+^ct  +  tfk)  1/2 

where  ZRE,  Rs  and  Rct  are  the  real  part  of  impedance,  solution 
resistance  and  charge  transfer  resistance,  respectively.  The  other 
symbols  have  their  usual  electrochemical  meanings.  The  a  values 
are  obtained  from  the  slopes  of  linear  fitting  lines  in  Fig.  6(b),  which 
are  2390  and  1506  for  C-ZnO  and  T-ZnO,  respectively.  Thus,  the 
values  of  Dj  are  consequently  calculated  as  1.94  x  10-8  cm2  s-1  for 
C-ZnO  filnr^and  4.88  x  10~8  cm2  s_1  for  T-ZnO  film,  respectively. 
Accordingly,  the  ion  diffusion  ability  in  tetrapod-like  structure  is 
about  two  times  improvement,  which  enables  the  regeneration 
ability  of  dye  molecular  by  redox  couples  as  reflecting  in  the 
photocurrent  increase.  It  is  noted  that  the  diffusion  coefficients  of  I3 
ion  within  ZnO  films  in  the  order  of  10  8  cm2  s-1  are  relative  low 
comparing  with  that  in  the  bulk  solution  [24].  Except  the  viscous 
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Fig.  6.  EIS  analysis  of  C-ZnO  and  T-ZnO  electrodes  as  working,  Pt  plate  as  counter,  and 
Ag/Ag+  as  reference  electrodes  in  IL-based  electrolyte  with  the  frequency  ranging  from 
20,000  to  1  Hz  and  amplitude  of  10  mV.  (a)  Nyquist  plots,  (b)  The  real  Z-value  as 
a  function  of  angular  frequency  at  low  frequency  rage. 

nature  of  IL  electrolyte,  the  ZnO  framework  also  limits  the  diffusing 
ability.  Therefore,  the  performance  of  the  ZnO  DSCs  should  be  able 
to  further  improve  by  ZnO  structure  design. 

4.  Conclusion 

In  summary,  we  reported  that  the  length  of  the  ionic  diffusion 
pathway  within  photoanodes  indeed  influences  photovoltaic 
performances  of  IL-based  DSCs.  With  utilizing  time-response 
photocurrent  transient  measurements  and  EIS  analysis,  we  have 
demonstrated  that  the  DSCs  with  a  tetrapod-like  framework  pho¬ 
toanode  deliver  enhanced  solar-conversion  efficiency  and  short- 
circuit  photocurrents  instead  of  using  commercially  available 


sphere  powders.  Since  tetrapod-like  structure  provides  efficient 
ionic  diffusion  pathways.  Tetrapod-like  ZnO  is  a  suitable  material 
for  solvent-free  DSCs  for  its  efficient  electron  diffusion  and  ionic 
diffusion  in  the  photoanode. 
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